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Compared to the growing body of literature on severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) detec-
tion and quantification in sewage, there are limited studies reporting on correlations between the viral loads in sewage
and the prevalence of infected patients. The present work is a part of the regular monitoring effort for SARS-CoV-2 in
wastewater influents from seven wastewater treatment plants (WWTPs) in Tehran, Iran, starting from late September
2020 until early April 2021. These facilities cover ~64% of the metropolis serving >5000,000 M individuals. The
study set out to track the trends in the prevalence of COVID-19 in the community using wastewater based epidemiol-
ogy (WBE) and to investigate whether these measurements correlate with officially reported infections in the popula-
tion. Composite sewage samples collected over 16 h were enriched by polyethylene glycol precipitation and the
corresponding threshold cycle (Ct) profiles for CDC ‘N’ and ‘ORF1ab’ assays were derived through real time RT-
qPCR. Monte Carlo simulation model was employed to provide estimates of the disease prevalence in the study
area. RNA from SARS-CoV-2 was detectable in 100% (‘N’ assay) and 81% (‘ORF1ab’ assay) of totally 91 sewage sam-
ples, with viral loads ranging from 40 to 45,000 gene copies/L. The outbreak of COVID-19 positively correlated (R2=
0.80) with the measured viral load in sewage samples. Furthermore, sewage SARS-CoV-2 RNA loads preceded
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infections in the population by 1 to 2 days, whichwere in line with public adherence with and support for government
instructions to contain the pandemic. Given the transient presence of human host-restricted infections such as SARS-
CoV-2, these results provide evidence for assessment of the effectiveness of coordinated efforts that specifically address
public health responses based on wastewater-based disease surveillance against not only COVID-19 but also for future
infectious outbreaks.
1. Introduction

The ongoing coronavirus disease (COVID-19) has caused the world to
undergo unprecedented changes in a short space of time. According to re-
cent updates (8 September 2021), 222,042,024 confirmed cases and
4,588,950 deaths have been reported globally (CSSE, 2021). Several lines
of evidence show that severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), the etiological agent for the disease, does not only affect
the upper respiratory tract and the lungs but also the ilium and colon, re-
sulting in diverse gastrointestinal manifestations (Amereh et al., 2021;
Foladori et al., 2020; Wu et al., 2020a). A significant number of infected di-
agnosed patients (15–83% of cases) shed viral fragments for a prolonged
time, ranging from 14 to 21 days (Lodder and de Roda Husman, 2020;
Wu et al., 2020a; Xu et al., 2020), with 102 to 108 RNA copies per gram
of stool on average (Lescure et al., 2020; Pan et al., 2020; Woelfel et al.,
2020); and the reported shedding period and magnitude varying greatly
among cases. The prolonged incubation time (~5 days) and virus shedding
even from asymptomatic individuals allow the virus to spread quickly with-
out medical detection and containment, which subsequently contribute to
the development of infection as a whole (Li et al., 2020). The virus, in
turn, can be released into wastewater and onsite sanitation systems.

The detection of SARS-CoV-2 RNA in feces and untreated wastewater
points towards the potential of wastewater surveillance to capture a near
real-time picture of the viral disease burden within a community and also
to gain clues on outbreaks within a catchment or a specific region (Wu
et al., 2020b; Wurtzer et al., 2020). The method offers a scalable and
cost-effective way to anonymously track population-level infection and dis-
ease prevalence (Bivins et al., 2020; Coccia, 2020; Keshaviah, 2017; Kumar,
2021).

Concomitantly with the emergence of COVID-19, several countries - in-
cluding Australia (Ahmed et al., 2020a), Spain (Randazzo et al., 2020),
France (Wurtzer et al., 2020), Sweden (Saguti et al., 2021), Italy (La Rosa
et al., 2020), India (Kumar et al., 2020b) and Pakistan (Yaqub et al.,
2021) - quickly pivoted existing sewage surveillance programs, designed
to monitor illicit drugs and other viral pathogens, to follow SARS-CoV-2
by quantifying the virus genetic materials in consecutive wastewater sam-
ples. Based on these early successes in detecting and quantifying the
novel coronavirus, hundreds of sewage systems all over the world - partic-
ularly in developed nations - began testing their wastewater for SARS-CoV-
2 (Gonzalez et al., 2020; Martin et al., 2020; Prado et al., 2020; Torii et al.,
2021;Wu et al., 2020b). However, knowledge about the serious and emerg-
ing problem of wastewater surveillance for the presence of SARS-CoV-2
from resource-poor regions and least-developed nations is presently lack-
ing. Analysis of sewage samples in a municipal wastewater treatment
plant (WWTP) in Istanbul, Turkey (Kocamemi et al., 2020) confirmed the
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presence of novel coronavirus in primary sludge. Detection of SARS-CoV-
2 RNA and its variation along the sewer network has also been previously
demonstrated in the vicinity wastewaters of a COVID-19 isolation center
in Bangladesh (Ahmed et al., 2021), reinforcing the use of this approach
for community surveillance by wastewater-based epidemiology (WBE) as
a new paradigm in public health. It is supported by the limited and cost-
intensive testing capacity of these communities as compared with devel-
oped resource-rich nations, where the number and proportion of affected
cases are mainly determined through individual testing and laboratory-
based bio-molecular diagnostics (Abu-Ali et al., 2021; Jeremijenko et al.,
2020; Saththasivam et al., 2021).

On 19 February 2020, Iran reported its first confirmed cases of infec-
tions in Qom - a religious city in central Iran, just virtually 93 days after
its emergence inWuhan city, China. Two days later (21 February), Tehran,
the capital city of the country confirmed its first case. Both cities perform
competently in the entryflowof transmissible diseases into the country. De-
spite sustained efforts to contain the virus exploiting various policies, it is
still posing a serious national challenge today and the country is facing
the so-called 5th epidemic wave of COVID-19. As of September 8, 2021,
the number of officially reported confirmed cases has reached more than
4,000,000 (representing 3% of the 222,042,024 cases reported globally),
and over 100,000 COVID-19 confirmed deaths have been officially re-
ported by the Iranian Ministry of Health (IMoHaM, 2020). At time of sub-
mission, Iran is the third country in worldwide ranking with the largest
number of confirmed cases within the last 28 days (CSSE, 2021). The min-
istry has also reported 351,641 confirmed cases of COVID-19 to date, with
23,643 death cases in Tehran (IMoHaM, 2020).

In Iran, the pandemic has been exacerbated by cultural and societal
norms, access and allocation of Covid-19 vaccines, lack and cost of clinical
kits, and inability to track affected individuals in a timely and comprehen-
sive manner. The situation, in tune with other communities, is indeed
compounded by asymptomatic or pre-symptomatic infections (Wu et al.,
2020a; Lodder and de Roda Husman, 2020; Xu et al., 2020). In recognition
of this gap, National Institute for Medical Research Development (NIMAD)
has funded wastewater testing in Tehran, which provides a cost-effective
strategy for measuring the population-level prevalence of not only recent
pandemic but also of future infectious disease, chronic disease, and drug ep-
idemics. Here, a seven-month comprehensive surveillance of SARS-CoV-2
in seven municipal WWTPs in Tehran metropolitan, which is still ongoing,
was performed to delve into whether these measurements mirror the num-
ber of clinically diagnosed infections in the population. Further, temporal
variations in virus-specific RNA loadings quantified via WBE in studied
WWTPs during the lockdown and implementation of precautionary inter-
vention periods were analyzed to address the practical needs and timelines
of concerned authorities and policymakers.
2. Materials and methods

2.1. Study area

The present study was conducted in Tehran, the second-largest metropolitan area in the Middle East and the most populous city in Iran (Fig. 1). The city
occupies an area of 730 km2 and encompasses a resident population of about 8.694million according to the 2016 national census and day-time population of
over 12million because of themassive commute from outlying areas (Iran SCo, 2016). Land use is predominantly residential, with some industrial and com-
mercial activity. The climate is semi-arid with an annual mean temperature of 18.5 °C and average annual precipitation of about 220mm. The city has been
highly impacted by the COVID-19 pandemic. The number of daily PCR diagnoses was limited to just about 1100 in the early months of the outbreak in the
city, whereas it reached up to 12,000 during each additional wave of COVID-19.



Fig. 1. Location of WWTPs sampled during this study, representing virtually ~5.561 Million individuals (64% of Tehran's total population).
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Tehran's sewage project, as has been defined in the urban master plan, has a collection pipe network of almost 9000-km-long; in which already
7000 km is in operation and about 684 × 103 cubic meters of sewage is daily collected in the city. So far, just about 64% of Tehran inhabitants
(approximately 5.561 million) have access to the public sewerage system while the remaining sewage goes underground or flows over the surface
inadvertently creating environmental hazards including surface and groundwater pollution. Nevertheless, the operational performances of treatment
plants are satisfactory and meet the basic criteria prescribed by national standards for secondary treatment for discharge into streams. Thus far, the
presence of SARS-CoV-2 in wastewater samples achieved in Iran has been limited (Gholipour et al., 2021; Nasseri et al., 2021; Tanhaei et al., 2021),
including our previous work (Rafiee et al., 2021). To the best of our knowledge, this is the first study to correlate SARS-CoV-2 RNA loads in waste-
water with COVID-19 disease burden in the country. The work is a part of a regular monitoring effort for novel coronavirus in Tehran sanitary sew-
erage that was initiated on 30 September 2020.

2.2. Sample collection and pre-treatment

Sewage samples were collected from six medium-sized WWTPs (Shahrak-e Gharb (A), Ekbatan (B), Zargandeh (C), Gheytarieh (D),
Sahebgharanieh (E), and Mahllati (F)), all representing urban catchments. Further, Tehran's South wastewater treatment plant (Southern Tehran
WWTP) (G) that serves a large part of the metropolitan was also included in the sampling scheme (Table 1). This plant has been planned with a treat-
ment capacity of 4.2 × 106 people. The total number of inhabitants served by these WWTPs, the percent coverage of the total population, and treat-
ment capacity of wastewater have also been summarized in Table 1. The plants also differed in their connected sewershed area characteristics as well
as demographic density. The locations of these plants also are shown in Fig. 1. About 8 L composite samples of untreated urban wastewater entering
each WWTP were collected by sampling wastewater every 60 min in a flow-proportional mode (~500 mL per 1000 m3 influent wastewater), which
was subsequently pooled.

The samplingwas performed from late September 2020 until early April 2021 between 8:00 to 24:00, biweekly. The operators ofWWTPs atmedium-sized
units collected the samples, while storing them at approximately 4 °C during sampling; whereas, 24-h composite sampleswere collected using an auto-sampler
in the large-sized Southern TehranWWTP. Sampleswere transported onmelting ice to the laboratory and stored at about 4 °Cuntil further analysis. In total, 13
rounds of samples were taken from 30th September 2020 to 8th April 2021. Various physicochemical properties (including BOD5, TSS, TN, TP, pH, and tem-
perature) of raw sewage entering eachWWTP during the study period were determined. It is worth mentioning that there was no significant rainfall or snow-
melt infiltration into the sewer collections systems during sewage sampling.

2.3. Sample processing for isolation and quantification of viral RNA

Samples were immediately concentrated upon receipt in the Research Institute for Gastroenterology and Liver Diseases lab, followed by molecular pro-
cessing within 24 h of sample collection.
Table 1
Summarized properties of wastewater treatment plants (WWTPs) sampled during the study.

WWTP Nominal no. of connected residentsb Capacity (m3/day) Approximate coverage of total population (%) Sampling technique

Shahrak-e Gharb 1,000,000 513,000 11 Manual
Ekbatan 630,000 15,000 7 Manual
Zargandeh 180,000 3000 2 Manual
Gheytarieh 150,000 410 1.6 Manual
Sahebgharanieh 21,000 120,000 0.23 Manual
Mahllati 190,000 5000 2 Manual
Southern Tehran 3,500,000 650,000 40 Auto sampler

3
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2.3.1. Sample concentration
Polyethylene glycol (PEG) precipitation was applied for virus enrichment in sewage samples, as described by Jones and Johns (2009) withmodifications

outlined previously (Rafiee et al., 2021). An analysis of the data available in the literature already confirms the effectiveness of PEG precipitation for SARS-
CoV-2 in sewage and surfacewater samples (Ahmed et al., 2020b; Haramoto et al., 2020; Torii et al., 2021). Themethod beganwith centrifugation of sewage
subsamples (50 mL) at 4000 × g for 10 min. The top aqueous layer (40 mL) was then recovered carefully and mixed with PEG 8000 50% (w/v) and NaCl
(1.5 M). The resultant mixture was incubated overnight at 4 °C (300 rpm) and centrifuged at 15,000×g for 30 min at 4 °C. The supernatant was discarded
and the resulting pellets were re-suspended in ~300 μL RNase-free water. RNA was directly extracted from this sample.

2.3.2. RNA extraction and SARS-CoV-2 specific RT-qPCR
RNAwas extracted from virus concentrates using aQIAamp®Viral RNAmini kit (QiagenCompany,Hilden, Germany - CatalogNo. 52904) following the

manufacturer's instructions. All RNA extracts were stored at −80 °C and subjected to reverse transcription quantitative polymerase chain reaction (RT-
qPCR) assays for detection of SARS-CoV-2within 24 h of sample extraction. First, we employed qualitativemeasurement, andhence, the absence or presence
of the virus based on threshold cycles (Ct). Amplification curves were manually inspected using quality control measures and those with threshold cycles
beyond 40 were discarded (i.e., Ct = 40 was the detection limit). Preliminary testing of samples with ORF1ab and N genes of SARS-CoV-2 as well as
RNase P (internal process control) using TaqPath™ Covid-19 RT-PCR Kit (Sansure Biotech Inc., China) demonstrated the best detection and least variance
with N gene. Relative numbers of viral genomes in wastewater samples (gene copies/volume of sample) were then calculated from Ct values determined
for each sample in relation to an assay-specific standard quantitative calibration curve, generated by five 10-fold serial dilutions of 2019-nCoV_N positive
control plasmid (ID WB4920E, SARS-CoV-2 N1 (provided by Shinegene, China)). The SARS-CoV-2 signal in the samples was assessed using a singleplex
one-step RT-qPCR targeting the N1 gene region of SARS-CoV-2 genome. Reactions consisted of 5 μL of RNA template, 500 nMof each of forward and reverse
primers (Metabion, Germany) in 4×CAPITAL one-step qRT-PCR ProbeMastermix (biotechrabbit, Germany) with 200 nM probe (Metabion, Germany) in a
final volume of 20 μL. Reverse transcription (RT) was performed at 50 °C for 10 min followed by RT inactivation and initial denaturation at 95 °C for 3 min.
This was followed by 45 cycles of denaturation at 95 °C for 10 s and annealing/extension at 55 °C for 30 s with a Rotor-Gene QMDx thermal cycler (QIAGEN
Hilden, Germany). Nuclease free water was used as no template control in our study (Sequences of primers and probe was provided in Supplementary in-
formation (SI) - Table S1).

All RNA samples obtained from sewage were tested in triplicate reactions and the average quantities were reported in viral gene copies/L ± standard
deviation (SD). The assay limit of detection (ALOD,≥95% detection probability) was assessed and determined to be approximately 3 copies/reaction. Like-
wise, the assay limit of quantification (ALOQ, CV= 35%) was approximately 3.1 copies/reaction. The standard curve used to quantify SARS-CoV-2 in field
samples showed a slope, R-squared and primer efficiency value of−3.335, 1 and 0.99, respectively. More precisely, gene copy numbers were calculated as
follows, considering the well-established principle of 3.32 Ct change in correspondence to 10-fold change: Gene copy number = 10((40-Ct)/(10/3.32)) (Kumar
et al., 2020a). Viral concentrations were recorded as gene copies per 1000 mL (gc/L), given the volumes of sample, concentrate (eluate), nucleic acid ex-
tracts, and RT-qPCR reaction (Eq. (1)).

Virus load gene copies=L of wastewaterð Þ ¼
viral gene copies

μL eluted RNA PCR RNA volumeð Þ � 60 μL total volume of eluted RNAð Þ
50 mL initial volume of concentrated wastewater sampleð Þ � 103 mL=Lð Þ (1)

2.4. Assessment of viral recovery

To evaluate the efficacy of virus concentration and extraction methods, 15 μL of 4.5 × 105 gc of enveloped avian coronavirus (IBV) was seeded into
40 mL of seven wastewater samples from different WWTPs and three 10-fold serial dilutions were tested to determine the method's limit of detection. Pos-
itive and negative nucleic acid control extractions of Nuclease-free water with or without the same quantity of IBV spike-in were used to quantify IVB recov-
ery by RT-PCR. Enrichment, extraction and detection/quantificationwere all performed as previously outlined. To obtain a broader picture, the results were
used to determine cross-contamination during the nucleic acid extraction process or RT-PCR assay setup and also the effect of sewage on virus recovery. The
RNAwas isolated from independently processed samples and RT-PCRwas performed. The efficacy of viral recoverywas calculated using the following equa-
tion (Eq. (2)):

Virus recovery %ð Þ ¼ Total viral RNA gene copies recovered
Total viral RNA gene copies seeded

� 100 (2)

The mean and standard deviation was calculated.

2.5. Population normalized infection prevalence

The prevalence of infected individualswithin each sewer catchmentwas estimated throughMonte Carlo simulation given the total number of SARS-CoV-
2 RNA copies in wastewater each day, as measured by RT-qPCR, and the number of viral RNA copies excreted daily in stool by an infected person as the
following equation (Eq. (3)):

Infected cases ¼ C gene copies=Lð Þ � Q L=dayð Þ
Fecal load g=day=personð Þ � Fecal shedding viral copies=g stoolð Þ (3)

where, C and Q stand for measured viral load in wastewater and corresponding daily influent flow, respectively. Monte Carlo simulation was conducted
using the Oracle Crystal Ball (Version 11.1.2.4.850 Oracle©) Excel add-on to account for the variability in some of the factors in Eq. (3). Per person virus
load to the sewage was modeled as a log-uniform distribution from 2.56 to 7.67 by considering the shedding rates of SARS-CoV-2 RNA copies/g of feces
during the periods of heaviest shedding among mild cases of COVID-19, as reported elsewhere (Woelfel et al., 2020). Hereby, the daily per capita loads
of stool was modeled as a normal distribution with a range of 100–400 g feces/person according to Hart and Halden (2020) and Rose et al. (2015). It is
worth mentioning that the number of viral RNA copies found in stool varies from patient to patient and varies within a single patient as the disease
4
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progresses. According to Li et al. (2021), from pooled stool samples, the mean sheddingmagnitude was about 104.52 copies/g with a 95% confident interval
ranging from 104.26 to 104.78 copies/g. The dailyflow rates ofwastewater were provided by Tehran sewerage Co. and the average per capita wastewater rate
was calculated as of 220 L/person/day. Likewise, published census data coupled with WWTPs design capacities were used to estimate the inhabitant pop-
ulation of each catchment area.

To improve the accuracy of the prediction model in estimating the number of people infected, the viral load shed per mL of urine in infected per-
sons, as well as the recovery percentage of viral particles in wastewater was added. The urinary viral load was taken to be 2.50 Log10 per mL (Peng
et al., 2020). The daily volume of urine per capita was modeled as a log-uniform distribution with a minimum of 2.78 and a maximum of 3.76
(Lemann et al., 1996).

In the present study, recovery efficiency was 42.55± 12.45% of IVB spiked into untreated wastewater. Therefore, the recovery efficiency was modeled
as a uniform distribution with a minimum recovery of 30.1% and a maximum of 55%. The revised model was employed to estimate the total number of
infected people through the following equation (Eq. (4)):

Infected cases ¼ C gene copies=Lð Þ � Q L=dayð Þ
Fecal load

g
day

person

� �
� Fecal shedding viral copies

g stool
� �h i

þ Urine load
mL
day

person

� �
� Urine shedding viral copies

mL urine
� �h i (4)

It is worth noting here that along with some of the uncertainties touched upon above, RNA losses in the sewer may undermine the accuracy of prevalence
back-estimation through WBE. Despite the transient infectivity of SARS-CoV-2 in wastewater environment, some have argued that its RNA is significantly
more persistent, reaching 3–33 days (Wu et al., 2020b). Owing to the lack of sufficient information, the RNA losses in the sewer were ignored in our study,
knowing that this approach can result in an underestimation of the infected population (Kapo et al., 2017;Weidhaas et al., 2021). In addition to the fact that
only 64% of the inhabitants have access to the public sewage system, there is currently insufficient information to quantify towhat extent thatWBE under or
overestimates the viral load. As such, the study examines whether trends observed in wastewater correlate with clinical data, which is possible and impor-
tant as a starting point for further research.

2.6. Statistical analysis

The announced numbers of COVID-19 cases (discharged, inpatients, and dead) in Tehran were derived from a database on clinical surveillance main-
tained by the Ministry of Health and Medical Education (MOHME) (IMoHaM, 2020).

All statistical analyses and figures elaboration were carried out using GraphPad Prism v.8.4.1 (GraphPad Software, San Diego, CA, USA). All tests were
done considering a statistical significance level of p < 0.05.
3. Results and discussion

3.1. Confirmed COVID-19 cases in the study area

As of 8 September 2021, Tehran had reported 351,641 COVID-19 cases
and 23,643 deaths, accounting for 8% of the 4,833,135 cases and 22% of
the 104,716 deaths reported nationwide. The number of daily diagnosed
cases in the city at the beginning of the present study (30 September) was
339 patients, which increased to as high as 408 cases per day as of 6 April
2021. Fig. 2 illustrates new cases of infection and the number of deaths
from coronavirus pandemic in Tehran from September 2020 to May 2021,
announced by the Ministry of Health. Some have argued that the number
of cases reported all over the country in the early months may represent
only about 20% of the real number due mainly to the limited surveillance
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Fig. 2. Cases of infection from coronavirus pandemic in Tehran from September
2020 to May 2021 (IMoHaM, 2020).
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and lack of test kits as not all cases were identified (IMoHaM, 2020). There
are also unofficial reports demonstrating that the actual number of deaths is
at least 2.5 to 3 folds (or even much more than that) of the reported number.
At themetropolis level, thefirst wave of the epidemic occurred inmid-March
2020. By the end of June 2020, Tehran had not yet declared the peak of its
second wave. A later increase in the number of COVID-19 diagnosed cases
in July is further attributed to increased detection capacity. In linewith facing
a second wave of cases, the city reported increases of 10 to 4602% in the
mean number of new cases per day being reported. As of the first November
2020, themetropolitanwas experiencing its thirdwave of outbreaks. The city
lockdown and early implementation of precautionary measures bought time
for authorities to boost their response capacity. On 4th April 2021, at the be-
ginning of the fourth wave, Tehran confirmed 315 cases and in the next
14 days with the daily average of 620. The fourth wave of COVID-19 in Teh-
ran, similar to other parts of the country, has had severe consequences in the
form of more clinically confirmed cases attributed to the emergence of new
more virulent variants and a reduction in the supply of essential treatments
(such as limitations of hospital capacity, provision of antiviral drug, etc). As
can be seen, there was a clear trend of separation between either new cases
of infection or the number of deaths from CODID-19 over this month and
those reported for the preceding two months, which could not only be
assigned to facing new and more transmissible variants of the virus but also
lack of public adherence with and support for precautionary measures and
preventive guidelines to reduce transmission of SARS-CoV-2. Specially, social
and family gatherings during New Year bulk purchases, crowds of people to
provide essential needs (in particular chicken queues), national holidays in
conjunction with new year (Nowruz) celebration all increased, in parallel to
reductions in follow-up instructions against COVID-19 transmission risks (ad-
herence to social distancing, using masks in public places, regular washing of
hands, among others). Since mid-March 2021, the public adherence rate to
precautionary measures and health protocols declined rapidly and reached
34–40%, which was the lowest level of compliance since the early pandemic.
To date of submission of this work, Tehran sees the risk of the fifth wave of
cases fed by lineage B.1.617, and the sub-lineage B.1.617.2, commonly re-
ferred to as the Delta variant.
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3.2. Optimization of RT-qPCR assays

Development of the N (nucleocapcid), ORF1ab (Open reading frame
1ab), E (envelope), M (membrane), S (spike), and RdRP (RNA-dependent
RNA polymerase) assays, paved the way for rapid, sensitive and accurate
strain-level detection using RT-PCR. These assays have extensively been
employed for SARS-CoV-2RNA detection in rawwastewater and treated ef-
fluent samples (Hillary et al., 2021; Medema et al., 2020; Rimoldi et al.,
2020; Saguti et al., 2021; Wu et al., 2021). All samples (91 out of 91)
were SARS-CoV-2 positive with RT-qPCR assays using ‘N’ target gene,
whereas just 74 (81%)were positive for ‘ORF1ab’ and in 17 remaining sam-
ples led to false negatives (See SI - Table S2). The results throw light on the
relative merits of ‘N’ as compared with ‘ORF1ab’. Given the Ct value differ-
ences, these results suggest that ‘N’ is more sensitive (~1 log10) for detec-
tion of SARS-CoV-2 in sewage, as compared with ‘ORF1ab’. A number of
studies in raw and treated wastewater samples have, in agreement with
our findings, reported that CDC N primer/probe sets outperform RdRP
and E genes for detecting beta coronaviruses, including 2019-nCoV
(Corman et al., 2020). Three ‘N’ gene assays (N1, N2, and N3) each
targeting a different region of the nucleocapsid (N) gene have been pro-
posed by US CDC and their specificity against other viruses, comprising
human coronaviruses, has been reported (Amereh et al., 2021; Corman
et al., 2020). The ‘ORF1ab’ gene assay has also been considered as confir-
matory testing (specific to SARS-CoV-2) in some studies to estimate the in-
fection incidence within the population. The expression of ‘ORF1ab’
requires ribosomal frame shifting, implying that it is produced at signifi-
cantly lower levels as compared to N-encoded functions and sub-genomic
RNA (Barra et al., 2020). Therefore, in the infected samples, the ‘ORF1ab’
copy number is expected to be lower than ‘N’. In contrast, the ‘N’ target is
highly expressed because its sequence is present in almost all sub-
genomic RNA (Barra et al., 2020; Kim et al., 2020).

The method (in terms of concentration, extraction and detection) used
herein showed a 42.55 ± 12.45% % (average and standard deviation) re-
covery efficiency for IVB, a surrogate for SARS-CoV-2 from untreated
wastewater. This recovery was comparable to those reported by Ahmed
et al. (2020b) and outperformed others demonstrating 26.7 ± 15.3% and
31 to 32% recovery efficiencies for the murine hepatitis virus from waste-
water (Ahmed et al., 2020b) and human adenovirus from river water
(Ahmed et al., 2015), respectively. PEG precipitation seems to be an effi-
cient method to recover SARS-CoV-2 RNA from various environmental ma-
trices and has previously been used for the enrichment of viruses from
aqueous solutions (Gyawali et al., 2019; Kumar et al., 2020a; Kumar
et al., 2020b; Kumar, 2021; Mull and Hill, 2012; Wu et al., 2020a) and
more recently for the concentration of SARS-CoV-2 RNA from untreated
wastewater (Ahmed et al., 2020a; Kocamemi et al., 2020; Medema et al.,
2020). It appears to be a promising approach for virus concentration be-
cause both the liquid and solid fractions of wastewater are incorporated
for enrichment of viruses. Nevertheless, PEG precipitation is in the throes
of the co-concentration of PCR inhibitors. This idea supports Kocamemi
et al. (2020) findings which reported a 1–1.5 log10 reduction in detection
following PEG precipitation and RNA isolation. Therefore, the presence of
inhibitors in wastewater samples needs to be investigated, and if present,
efforts should be taken to minimize overall inhibition. To achieve this, it
is recommend that each wastewater sample be seeded with a surrogate
virus as a whole-process control to obtain information on the surrogate
virus and RNA recovery as well as RT-PCR inhibition for the entire process
starting from sample concentration to RT-PCR detection. Accordingly, we
used IBV as a whole process control in our study. This method, however,
has been reported to provide improved recovery of viral particulates com-
pared to ultrafiltration and other methods (Ahmed et al., 2020b). Further
research is required to establish and standardize protocols for virus extrac-
tion in order to compare studies conducted all over the world; nevertheless,
it is worth noting here that a variety of methods have given comparable
trends during an inter-laboratory comparison study of 36 methods
(Pecson et al., 2021).Moreover, themeasurement of plausible losses during
SARS-CoV-2 virus concentration and thus the actual detection efficiency
6

may differ from surrogate viruses and even an inactivated form of
SARSCoV-2 itself. This might be related to the dissimilarity of surrogate vi-
ruses (e.g., bovine coronavirus (BCoV), bovine respiratory syncytial virus
(BRSV), bacteriophage Phi6, human coronavirus OC43,5 human coronavi-
rus HCoV-E, murine hepatitis virus (MHV), F-specific RNA phages,23 and
vesicular stomatitis virus (VSV)) to SARS-CoV-2 in structure and morphol-
ogy. To date, a detailed comparison between different surrogate viruses
and SARS-CoV-2 in the concentration, extraction and detection fromwaste-
water is still lacking, which requires further investigations (Kantor et al.,
2021). Subsequently, variation in the viral recoveries can represent not
only differences in the concentration methods but also in the structure, ge-
netic components, as well as the behavior of different surrogate viruses.

3.3. Concentration of SARS-CoV-2 RNA in wastewater samples

A total of 91wastewater samples were collected every 2 weeks from
seven major municipal WWTPs (cumulative inlet loading >1.5 × 106 m3

of wastewater per day). Sewage sampling was conducted from September
2020 until April 2021 during the pandemic outbreak of SARS-CoV-2 in Teh-
ran to investigate the presence and titers of virus-specific RNA in untreated
sewage samples. All tested samples were positive according to SARS-CoV-2
RNA Nucleocapsid (N) genes assay, and within the cycle quantification
value (Ct values below 40 cycles) (See SI - Table S2). RNase P gene detec-
tion was positively identified in all samples tested, confirming successful
isolation of human as well as viral nucleic acids. It is worth mentioning
that RNase P target is amplified as a quality control for the extraction
method and to corroborate the absence of PCR-inhibitors in the sample
(CDC, 2020).

Ct profiles for the tested influent wastewater samples varied from 28.8
to 38.9. Congruently, viral titers in sewage samples collected from the
seven WWTPs correspond to a range of 37.74 to 45,607.77 RNA copies/L
using the N gene target, implying a huge variation in gene copies of
SARS-CoV-2. In a similar way, Ct values for the ORF1ab marker ranged
from 31.2 to 39.13, which correspond to 33.75 to 8544.34 RNA copies/L
using the ORF1ab gene target. SmallerCt values of SARS-CoV-2 RNA copies
found for N-genes might possibly be attributed to higher sensitivity of
markers targeting the N region as compared with ORF1ab, which is in
agreement with the growing body of research (Jung et al., 2020; Zhou
et al., 2020). Comparison of virus loadings observed in our study with
those of other studies confirms similar SARS-CoV-2 wastewater loads
(Sherchan et al., 2020), but broadly differ from estimates of viral load in
the state of Massachusetts in late March 2020, where they reported high
counts ranging between 50 and 300 gene copies/mL in sewage samples
(Wu et al., 2020a). Likewise, Wurtzer et al. (2020) reported viral loads as
high as 3.2 × 106 genome units/L in Paris (France), which is the highest
SARS-CoV-2 concentration ever reported in wastewater influent. They
also reported a significant positive association between SARS-CoV-2 con-
centrations in WWTP influents and the number of infected individuals in
their study region. It is important to caveat a lack of standardization in cal-
culating from copies per reaction based on a standard curve to gene copies/
L of SARS-CoV-2 which may significantly impact the range of values re-
ported, and therefore comparisons. However, it is encouraging to compare
these findings with those reported for a few Middle East countries like
Turkey (Kocamemi et al., 2020), Qatar (Saththasivam et al., 2021),
United Arab Emirates (Hasan et al., 2021), and Pakistan (Yaqub et al.,
2021), whose wastewater viral concentrations have been published. We
recognize stark distinction between SARS-CoV-2 titers in our study and
what other communities, in particular countries in the region, are
reporting. Differences between studies are also abundant, and can include
variability in the severity and load of fecal shedding, the efficiency of
RNA recovery from sewage samples, and RNA losses in sewage pipes and
during experimental procedures, among others. To verify the above view-
points, the maximum SARS-CoV-2 RNA concentrations reported in raw
sewage samples ranged from 1.2 × 103 to 3.2 × 106 gene copies/L
(Ahmed et al., 2020a; La Rosa et al., 2020; Nemudryi et al., 2020;
Randazzo et al., 2020; Wurtzer et al., 2020).
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Fig. 3. SARS-CoV-2 RNA (‘N’ target) concentration in the influent of sevenmajorWWTPs (Shahrak-e Gharb (A), Ekbatan (B), Zargandeh (C), Gheytarieh (D), Sahebgharanieh
(E), Mahllati (F), and Tehran's South wastewater treatment plant (G)) in Tehran. Standard deviations (SD) shown in the bar charts were based on triplicate measurements.
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Timeline variations in viral RNA concentration in wastewater point to
changes in the prevalence of shedders in a sewer catchment, which could
be associated with a combination of pandemic response initiatives across
the city. Since the announcement of the first cases of infection, the metro-
politan in tune with national policies has established some preventive mea-
sures targeting restrictions on interprovincial traveling, closures for schools
and universities, workplace closures, limitation of employees' capacity at
estate workplaces, cancellations of public events, restrictions on public
transportation, stay at home and shelter in place requirements, as well as
traffic restrictions within the city from 10:00 p.m. to 3:00 a.m. The possible
impact of these measures was more evident during December 2020 and
March 2021. TheCt values coupledwith corresponding viral loads through-
out the 29-week study period are comparable amongWWTPs (Fig. 3), with
an increase in SARS-CoV-2 viral load from mid-October. Ct values de-
creased to <31.27 (Fig. 4), which coincides with the population-wide
COVID-19 resurgence as observed in Fig. 5 (the so-called third wave), dem-
onstrating the necessity for applying timely preventive measures. From late
November onwards, the city has surpassed the outbreak as supported by de-
creasing the daily new confirmed case counts in the city within the follow-
ing 20 days of the survey in which the number of new cases reduced
approximately 7 fold, 82 in the case of 10 December 2020. Further, from
WWTPS Oct. 1st Oct. 18 th Oct. 30 th Nov. 11 th Dec. 2 nd

A - Shahrak-e Gharb

B - Ekbatan

C - Zargandeh

D - Gheytarieh

E - Sahebgharanieh

F - Mahllati

G – Southern Tehran 

Number of reported COVID-19 cases 264 40 204 744 130

Ct scale: 26-28 29-31 32-34

Fig. 4. SARS-CoV-2 spread in different areas of Tehran a
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25th January to 22nd March when the corresponding curve of daily diag-
nosed COVID-19 cases was flattening (Fig. 5), it was also noticed that the
measured virus load numbers in sewage also declined in all WWTPs
(~ 84%). Again, measurements of the viral load in wastewater kept an in-
creasing trend until peaked on 6 April 2021 in studied sewage plants
(about 110,000 gene copies/L), which were also in line with climbing
SARS-CoV-2 diagnosed cases. This observation also coincides with lifting
lockdowns, reduced public adherence to COVID-19 mitigation strategies,
and prevalence of Alpha variant (B.1.1.7).

Viral RNA titers were assessed by 3.32-Ct intervals from 25 to 40, which
permits broad comparisons to be made between differing situations. It is
worthwhile that this interval is the exact counterpart of ~1 log10 gc de-
crease. For a clearer comparison, low Ct values (equivalent to high SARS-
CoV-2 RNA titers) for all seven WWTPs of Tehran were concentrated be-
tween early October and mid-November 2020 and also on early April
2021 which is mirrored by the period when the city registered the highest
numbers of infections and related deaths. We observed the lowest Ct values
(corresponding to the highest viral loads) among biweekly tested samples
on first October 2020 when it reached 28.8 Ct corresponding to a viral
load of 45,607.78 gene copies/L, with 516 reported COVID-19 cases four
days later on 4th October. Overall, Southern Tehran WWTP seems to
Dec. 20 th Jan. 3 rd Jan. 19 th Feb. 2 nd Feb. 16 th Mar. 1 st Mar. 18 th Apr. 6 th

51 45 34 151 172 121 47 408

35-37 38-40 >40

ccording to wastewater treatment plants (WWTPs).
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Fig. 5. Cumulative COVID-19 positive cases as reported in Tehran (IMoHaM, 2020)
and estimated SARS-CoV-2 shedding individuals in sewersheds based on the
developed model.
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carry the highest amount of virus in wastewater followed byMahallati (see
also Fig. 3), but no statistically significant difference was noticed between
the median viral loads obtained among treatment plants. The dynamic pro-
file of viral loading relevant for all WWTPswith peaks approximately every
four weeks and preceding variations in the number of newly confirmed
cases by 19 to 21 days as observed in Fig. 3, has important implications
inmanaging COVID-19 spread. In line with the third wave of daily reported
SARS-CoV-2 positive cases in Tehran, ascending trends of SARS-CoV-2
measurements were also noticed in all the WWTPs (approximately
140,000 gene copies/L). An increasing trend was also observed in early
April 2021 coinciding with the fourth wave (about 110,000 gene copies/
L). From late January to mid-March 2021, all WWTPs reported increasing
viral loads, with the exception of Sahebgharanieh WWTP which remained
constant and comparatively lower than other sampled sites. This inconsis-
tency may be explained by the rather discrete location of Sahebgharanieh
catchment, which is located in the north of the city and is characterized
as a built up area of the city with relatively low population density. One
of the benefits that emerges from wastewater testing and in particular the
spatial variations of viral load numbers is that tracking large-scale infec-
tious disease through sewage analyses offers a stylized view of the main
workings of the epidemic than the total number of infected individuals in
Fig. 6. Estimated SARS-CoV-2 infected individuals (derived from the developed
model based on wastewater analyses) in sewersheds over the study period
compared to the confirmed COVID-19 cases.
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the community. This is particularly important in light of the variability in
the severity and shedding duration among the population (Saguti et al.,
2021; Hasan et al., 2021). Taken together, our results confirm that SARs-
CoV-2 concentrations in wastewater closely coincide with or precede con-
firmed virological laboratory testing, as has been previously reported
(Medema et al., 2020; Saguti et al., 2021; Trottier et al., 2020; Wurtzer
et al., 2020).

3.4. Prevalence estimate of SARS-CoV-2

Several studies have reported that the quantity of SARS-CoV-2 in a
sewer catchment is correlated with the actual number of infected individ-
uals in that sampled area (Fongaro et al., 2021; Kitamura et al., 2021;
Saththasivam et al., 2021). Herein, viral load numbers in sewage samples
were converted to the number of infections based on the analysis of
Monte Carlo simulation to explore whether these measurements mirror in-
fections in the population.

Taking into account the normal distribution of cases, it is only possible
to compare the daily positive cases against the total estimated infected pop-
ulation of the studiedWWTPs. It is important to bear inmind that the city is
served in part (64%) by these sewageworks. The daily estimated number of
SARS-CoV-2 shedding individuals was thus compared with the stated frac-
tion of confirmed COVID-19 cases. The spearman correlation, however, did
not reach statistical significance (p > 0.05). We repeated the linear regres-
sion analyses adjusting for the virus shedding period and asymptomatic
cases. Given that SARS-CoV-2 shedding in stool of infected patients lasts ap-
proximately 22 days (with an interquartile range between 17 and 31 days)
(Zheng et al., 2020), the measured viral load at the influent of each WWTP
reflects a cumulative amount shed by affected individuals during the rele-
vant window. Thus, it can be deduced that the measured concentration ac-
counts for infected individuals, symptomatic or not – those that have and
have not been clinically identified - infected several days prior to each sam-
pling day. Congruently, a cumulative estimate of the relevant window was
used as a reference in our study. This preconceived idea had also been dem-
onstrated in COVID-19 outbreak monitoring very recently using a similar
approach in Qatar (Saththasivam et al., 2021). In line with a generally as-
sumed long incubation period of SARS-CoV-2 (Li et al., 2021), the number
of infections on any given date was roughly calculated by taking the sum of
officially declared confirmed cases on the day of sampling, 10 days before
the sampling date, and 11 days following each sampling date. It implies
that the summation did account for the patients already diagnosed and
those not yet diagnosed but already positive within the population.

The possible number of the infected population estimated through the
WBE model is much higher than the daily reported positive cases, demon-
strating that the number of actual infections is likely underestimated. How-
ever, most studies have presented the association of the SARS-CoV-2 RNA
levels in wastewater and clinically confirmed cases, although this typically
encompasses only a proportion of those with COVID-19 and who typically
have symptoms, as mass testing of all of a population is rare. To get a
more refined picture of the relationship, the estimated infections from
Monte Carlo simulations on any given sampling date were compared to
the corrected 22 days of cumulative COVID-19 caseloads (Fig. 5). Overall,
the estimated number of individuals shedding SARS-CoV-2 within
sewersheds was found to be linearly correlated with the cumulative diag-
nosed positive cases (R2=0.80, p < 0.001) (Fig. 6). Moreover, it can be in-
ferred that the estimated infected population against the officially declared
case counts is 353:1. More specifically, the estimated sum of the infected
population is more than the sum of the confirmed cases during the time
course of sewage monitoring. While theoretically it is expected to be a 1:1
ratio, this result is corroborated by prior research (Albastaki et al., 2021;
Wu et al., 2021) and could be attributed to the inclusion of both the diag-
nosed and undiagnosed cases in sewage viral loads. La Rosa et al. (2020)
speculated that a substantial number of the population are either asymptom-
atic or paucisymptomatic and would otherwise remain clinically unde-
tected. Likewise, earlier studies also noted a lack of symptoms in up to
70% of infections (Byambasuren et al., 2021; Oran and Topol, 2021).
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Furthermore, Meyerowitz et al. (2021) found a range of pre-symptomatic or
asymptomatic COVID-19 cases averaging 43±28%. As yet, limited parallel
research has definitely established strong correlations between viral loads in
sewage and the prevalence of clinically positive patients. While variable
correlations do exist in the global literature ranging from 0.18–0.81
(Greenwald et al., 2021; Randazzo et al., 2020;Weidhaas et al., 2021). How-
ever, it is important to note that correlations with wastewater are typically
carried out based on populations of individuals which test positive on a
given day, and largely ignores the fact thatmass testing is not carried out fre-
quently. Therefore, positive cases typically represent the proportion of the
population which has symptoms and ignores large societal inequality and
variabilities which impact testing including availability of testing, afford-
ability, personal biases and opinions, institutional distrust, etc. More studies
of comparable study populations are thus needed to address which associa-
tions remain consistent.

3.5. Limitations of study and future perspectives

An important limitation of this study is that the exact population being
served by each WWTP is not known. As a starting point, this study exam-
ined the relationship between SARS-CoV-2 RNA loads in sewage with offi-
cially reported COVID-19 prevalence in the community, and highlights
what is possible with collaboration among different governmental organi-
zations. Although this study demonstrates the application of WBE as a
new paradigm in public health, it is recommended to have long-term and
daily monitoring to improve its resolution. In general, the changes in
SARS-CoV-2 RNA concentrations in wastewater corroborated with the an-
nounced daily cases; however, we did not attempt to measure the lag
between wastewater data and public testing data, since the sewage surveil-
lance results were documented for biweekly obtained samples while the
public test results were reported in daily basis. Likewise, the study had
some other limitations, including the lack of solid analysis in wastewater
to consider the partitioning of SARS-CoV-2 via adsorption to solids. There
were also uncertainties due to limited knowledge about the infection of gas-
trointestinal tract, the concentration of viral RNA in stool over the time-
course of the illness, the variability in viral dynamics in individuals and
fecal shedding. Finally, in this study the normalization was not performed,
though consensus on what approach to use for normalization is still
ongoing.

4. Conclusions

Despite international efforts to contain SARS-CoV-2 through the imple-
mentation of various regional and continent specific policies, it is still pos-
ing a serious global challenge. The long incubation period, viral shedding
and transmission by asymptomatic and pre-symptomatic infected individ-
uals, and virus mutation add to the difficulties in managing the outbreak.
Wastewater-based disease surveillance, as a new paradigm in public health,
has been suggested for monitoring community outbreaks; however, compa-
rably little is known about the interrelationships between wastewater viral
titers and the abundance of recorded clinical cases within the community,
although this has greatly improved over ~21 months since the pandemic
began. Various methodological challenges associated with WBE would af-
fect the accuracy of prevalence estimation. To date, the overall uncertainty
ofWBE and the impact of each step on the prevalence estimation are largely
unknown. In the other words, the differences between the estimated num-
ber of cases infected by SARS-CoV-2 (based on the viral load of wastewater)
and the officially reported cases of COVID-19 may be the result not only of
the lack of a more extensive laboratory diagnosis but also of the uncer-
tainties considered in thisworkwithin themodel for estimating the number
of infected people.

Wastewater viral titers were found to be linearly correlated with the di-
agnosed caseloads, however, considerable differences were observed be-
tween the estimated SARS-CoV-2 shedders and officially reported cases of
COVID-19. As mass testing is not a thing, this is literally something that af-
fects every WBE study. Overall, this study reiterates the effectiveness of
9

precautionary efforts in the fight against not only COVID-19 but also future
infectious outbreaks using wastewater analysis.
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